The cDNAs encoding antimicrobial peptides (AMPs) in the skin of Hylarana guentheri were identified, namely temporin (five peptides, termed temporin-GHa-GHd and temporin-GUa), brevinin-1 (one peptide, brevinin-1GUb), and brevinin-2 (eight peptides, brevinin-2GHd-2GHj, and brevinin-2GHb). Eleven of the 14 peptides have novel primary structures. Synthesized temporin GHa-GHd have broad-spectrum antimicrobial activities against Gram-positive bacteria (Staphylococcus aureus and Bacillus subtilis), Gram-negative bacteria (Escherichia coli, Vibrio alginolyticus, and Pseudomonas aeruginosa), as well as fungus (Candida albicans). Among these tested strains, S. aureus was the most sensitive to temporin-GHa-GHd with minimum inhibitory concentration (MIC) values between 6.8 and 12.9 μM. They also exhibited antimicrobial activities against Methicillin-resistant S. aureus with the MIC ranging from 12.7 to 51.7 μM. Interestingly, secondary structure prediction shows that there is no α-helix in temporin-GHb, which illustrates that α-helix is not required for the antimicrobial activity of temporin-GHb. NaCl (at final concentrations of 0.15-2 M) decreased the antimicrobial activity of temporin-GHa-GHd slightly, while human serum and S. aureus V8 proteinase had no effect on the antimicrobial activity. Scanning electron microscopy images of E. coli and S. aureus showed that the surface of microbial cells was considerably rough and shrived after 1 h of treatment with temporin-GHaGHd at 37°C. The stabilities of temporin-GHa-GHd in human serum or in S. aureus V8 proteinase make them to be promising candidates of novel antimicrobial agents or models for the development of novel AMPs.
Introduction
In order to adapt to the changing environment, amphibian's skin tissues are endowed with excellent defense strategies against various environmental factors [1, 2] . So many bioactive components were purified and characterized from the skin secretions of amphibians, including biogenic, bufadienolide, peptides, proteins, alkaloids, etc. [3, 4] . Among these components, antimicrobial peptides (AMPs) have attracted much attention, and more than 1500 AMPs have been identified from amphibian skins since the bombinins were discovered for the first time from Bombina variegata in 1969 [5, 6] . AMPs are a large group of cationic defense peptides produced by the innate immune response in most forms of life, and protect the host against environmental pathogens, especially microorganisms, including bacteria, fungi, yeast, virus, and others to avoid infection. According to the primary sequences and secondary structures, AMPs are classified into many different families; however, they share some common properties, such as amphipathic, short (12-50 amino acid residues), and positively charged [7, 8] . These chemical characteristics of AMPs help them attach to the anionic cell walls and insert into phospholipids membranes to disrupt and lyse microorganism, leading to bacterial killing [9] . AMPs also adopt other mechanisms of antimicrobial action to interfere with some vital cellular processes, including DNA duplication, protein translation and folding, cell wall synthesis, and metabolic turnover [10] . Therefore, unlike the conventional antibiotics, it is very rare for microorganisms to develop the resistance against AMPs because of the unique mechanisms which directly disrupt the microorganism components. Thus, AMPs are thought to be ideal candidates for therapeutic application with the growing problem on antibiotic abuse.
Hylarana guentheri is a big-sized (length 80-100 mm) frog of the genus Hylarana within the family Ranidae. They mainly inhabit in paddy field, streams, or other moist areas from altitude of 50-1250 m in the south of China. In this study, reverse transcription-polymerase chain reaction (RT-PCR) was performed to investigate the occurrence and the nucleotide sequences of mRNAs directing the synthesis of AMP precursors of H. guentheri. Fourteen putative mature peptides were deduced from the cDNAs, in which temporin-GUa, brevinin1GUb, and brevinin-2GHb had previously been reported [11, 12] . The other 11 AMPs belong to the temporin and brevinin-2 families. Four synthesized temporin AMPs have broad-spectrum antimicrobial activities against Gram-positive and Gram-negative bacteria, as well as fungus.
Materials and Methods

Experiment animals
All experiments involving live animals were performed according to the Guidelines for the Care and Use of Laboratory Animals. Adult H. guentheri of both sexes (n = 12, weight ranging from 25 to 40 g) were collected from the countryside of Haikou, Hainan Province of China, and fed at 25°C under 12 h light-12 h dark illumination condition.
RNA extraction and screening of cDNAs encoding AMPs
One H. guentheri was anesthetized and sacrificed by decapitation. A small piece of dorsal skin was removed immediately, frozen in liquid nitrogen, and rubbed into powder for the extraction of total RNA. The extraction of total RNA was conducted in accordance with the Trizol reagent (Invitrogen, Carlsbad, USA) specification. The firststrand cDNA was synthesized by PrimeScript TM First-strand cDNA synthesis kit (TaKaRa, Dalian, China). Briefly, 1 μl of total RNA and oligo dT primer provided by the kit were incubated at 42°C for 30 min for RT, followed by the denaturation of the enzyme at 95°C for 5 min. Then, the transcription product was used as template to amplify the cDNAs encoding AMPs of H. guentheri. A set of forward primers: 5′-GAWYYAYYHRAGCCYAAADATGTTCA-3′ (W = A or T; Y = C or T; H = A, C, or T; R = A or G; D = A, G, or T) and a reverse primer: 5′-GCTAAATGATATACCACATC-3′ were designed according to the conserved signal peptide domain of previously reported AMP precursors from Ranidae frog [13, 14] . PCR amplifications were conducted in a reaction mixture containing Gene Tap polymerase (TianGen, Beijing, China) using a thermal cycler (AB Applied Biosystems, Foster City, USA 
Physicochemical properties of putative mature AMPs
The parameters of the putative mature AMPs, including the theoretical pI, calculated molecular masses, net charge at pH 7, and grand average of hydropathicity (GRAVY) were predicted by using ProtParam (http://web.expasy.org/protparam/). The GRAVY value was calculated as the sum of hydropathy values of all amino acid residues in the peptide. The prediction of secondary structure of peptides was conducted using the HNN (Heirarchical Neural Network Method of Guermeur, 1997) online program (https://npsa-prabi. ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_hnn.html).
Peptides synthesis
Four putative mature peptides deduced from the cDNA sequences belonging to temporin family (temporin-GHa-GHd) were synthesized by GL Biochem (Shanghai, China), and used for bioassays. Crude-reduced peptides were purified on a SHIMAZU Inertsil ODS-SP (C-18) column and confirmed by mass spectrometry. Once the purity of a peptide was higher than 95%, the peak was pooled and lyophilized.
Minimal inhibitor concentration assays
All bioactivity testes were assayed with synthetic peptides. The antimicrobial abilities of temporin-GHa-GHd were analyzed by inhibition zone method. The minimal inhibition concentrations (MICs) against microorganisms were determined according to the Guidelines of the Clinical and Laboratory Standard Institute (CLSI) with a minor modification [15, 16] . Fresh Luria-Bertani (LB) or Mueller-Hinton (MH) broth was used in microorganism cultivation. One hundred microliters of serially diluted peptides in deionized water was prepared in 96-well plates. The same volume of microorganism was added to appropriate well to achieve a final concentration of 5 × 10 5 CFU/ml. Then, the plates were incubated at 37°C for 18 h. Fungi were cultivated in MH broth for 48 h at 35°C with an inoculum of 5 × 10 4 CFU/ml. Sterile deionized water was used as the negative control. Absorbance was determined at 620 nm using a microtiter plate spectrophotometer (Infinite F50; Tecan, Hombrechtikon, Switzerland). MIC was defined as the lowest concentration of peptide that completely inhibited the growth of bacteria or fungus. The bacterial and fungal strains for antimicrobial assays were Gram-positive bacteria Staphylococcus aureus (ATCC 25923), Methicillin-resistant S. aureus (MRSA, ATCC 43300), and Bacillus subtilis (ATCC 6633), Gram-negative bacteria Escherichia coli (ATCC 25922), E. coli (isolated strain, abbreviated as IS), E. coli (D31), Vibrio alginolyticus (IS), Pseudomonas aeruginosa (ATCC 15442), and fungus Candida albicans (ATCC 10231), some of which were purchased from Guangdong Institute of Microbiology (Guangzhou, China).
Stability test of temporin-GHa-GHd
Staphylococcus aureus (ATCC 25923) was selected as the model for antimicrobial activity assay. To evaluate the salt sensitivities of temporin AMPs, temporin-GHa-GHd (25 μg) were pre-incubated with the same volume of NaCl solution (final concentration of 0.15-2 M) for 20 min at room temperature. Antimicrobial activities were performed according to the method described above, and the diameter of inhibition zones was measured. Moreover, the effect of human serum on temporin AMPs' antimicrobial activities was also determined. Temporin-GHa-GHd (25 μg) were pre-incubated with 25% or 50% (final concentration) human serum at 37°C for 3 h, then the antimicrobial activities were analyzed. For the evaluation of sensitivity to bacterial proteases, temporin-GHa-GHd (25 μg) were pre-incubated with S. aureus V8 protease (2.5 U; Sigma-Aldrich) in a total volume of 10 μl at 37°C for 6 h, and then the antimicrobial activities of the mixture were measured. All experiments were performed in triplicates.
Scanning electron microscopy
Log-phase culture of microorganism strains was incubated with each temporin family AMPs (10× MIC) at 37°C for 1 h. Cultures without peptides were served as negative control. Aliquots of the cultures were fixed with 2.5% glutaraldehyde solution for 3 h, centrifuged at 8000 g for 10 min, and washed with normal saline. After dehydrated with a graded series of ethanol, cells were frozen in liquid nitrogen-cooled tert-butyl alcohol and vacuum dried overnight. The samples were mounted onto aluminum stubs. After sputter-coating with gold, the morphologies were analyzed by scanning electron microscopy (SEM) with the Hitachi S-4800 electron microscope (Hitachi, Tokyo, Japan).
Statistical analysis
Data are presented as the mean ± SE. The difference between treated and control group was analyzed using Student's t-test. The statistical significance level was set at P < 0.05.
Results
Characterization of cDNAs encoding the precursor AMPs
After 68 clones were sequenced, different cDNA sequences encoding 11 novel AMPs precursors were obtained by screening the skinderived cDNAs of H. guentheri (GeneBank accession number: KU518306-KU518316). The deduced amino acid sequences of those AMPs' precursors are shown in Fig. 1 . The domain topologies of AMPs precursors are illustrated in Fig. 2 . The open-reading frames encoding these AMPs consist of 62-72 amino acid residues. And all 11 AMPs' precursors share a typical similar primary structure constitution for the skin defensive peptides of amphibian skin, including an N-terminal signal peptide sequence with 22 amino acid residues, an acidic amino acid residue rich spacer domain, and a putative dibasic cleavage site Lys-Arg where the propeptide convertases cleave and release the following peptide domains, the diverse mature C-terminal
AMPs. Based on the NCBI Basic Local Alignment Search Tool (BLAST) analysis, putative mature AMPs exhibited high primary structural identity to the members of AMP belonging to temporin and brevinin-2 families (Fig. 3) ; therefore, they were named as temporinGHa-GHd and brevinin-2GHd-2GHj, respectively.
Physicochemical properties and secondary structure of AMPs
The theoretical pI, mass molecular, net charge at pH 7, and grand average of hydropathicity are shown in Table 1 . All of the brevinin-2 peptides in this study are cationic peptides, and temporin family peptides have no positively charged amino acid residues. Secondary structure prediction showed that, except temporin-GHb with random coils and extended strands only, other 10 AMPs have high content of α-helix (Fig. 2) .
Antimicrobial activities of temporin-GHa-GHd
The MIC values of temporin-GHa-GHd against the tested microorganisms are listed in Table 2 . All of the four synthetic AMPs exhibited various levels of antimicrobial activity against the tested Grampositive, Gram-negative bacteria, and fungi. Staphylococcus aureus (ATCC 25923) was the most sensitive to temporin-GHa and temporin-GHb with a MIC value of 6.8 μM, meanwhile temporinGHb had the same activity to E. coli (D31). These results showed that temporin-GHa-GHd possessed almost the same antimicrobial preference to Gram-positive and Gram-negative bacteria. Remarkably, temporin-GHa-GHd had antimicrobial activity against Methicillin-resistant S. aureus with the MIC ranging from 12.7 to 51.7 μM. 
Stability of antimicrobial activity
The effects of three different factors, salt concentration, human serum, and S. aureus V8 proteinase on the stability of four synthesized temporin AMPs were detected. With the increase of the NaCl concentration from physiological salt concentration (0.15 M NaCl) to 2 M, the antimicrobial activities of temporin AMPs decreased slightly. Temporin-GHa-GHd maintained~80% of the original antimicrobial activities over a wide range of NaCl concentration (Fig. 4A) , even up to 2M NaCl. After pre-incubation with 25% or 50% (final concentration) of human serum for 3 h, temporin-GHa, temporin-GHb, and temporin-GHd were still active against bacteria (Fig. 4B) . Temporin-GHc lost 18% of its antimicrobial activity when treated with 50% of human serum for 3 h. The antimicrobial activities of temporin-GHa-GHd showed no sensitivities to S. aureus V8 protease (Fig. 4C) .
Effect of temporin-GHa-GHd on microbial cell morphology
Escherichia coli (D31 and ATCC 25922) and S. aureus (ATCC 25923) were used as models of Gram-negative and Gram-positive bacteria, and morphological alterations of the bacteria induced by temporin AMPs were analyzed by SEM imaging. The results showed that the untreated microbial cell (E. coli and S. aureus) had normal shapes and smooth surface (Fig. 5A,F,K) . In contrast, after being treated with temporin-GHa-GHd for 1 h, the morphology of almost all tested microbial cells was changed, and the cell membranes were severely interrupted. The surface of E. coli treated with temporinGHa-GHd shrunk and collapsed obviously (Fig. 5) . And S. aureus treated with temporin AMPs showed increased volume and developed overall surface roughness (Fig. 5) .
Discussion
In order to survive in aquatic and terrestrial ecosystems, amphibians were endowed with versatile skins to protect them from hurts or other stressors. Many different types of defensive peptides have been identified from Hylarana, a genus of the family Ranidae [17] , in which the AMPs are abundant and diverse in structure [18] [19] [20] . AMPs were classified into four different families and were purified and cloned from H. guentheri from Fujian and Yunnan provinces of China in 2006 and 2008, respectively [11, 12] . Hylarana guentheri is widely distributed in south China. Hainan province, which is separated from the Chinese continent by Qiongzhou strait, is located in the southernmost of China and belongs to tropical area. Long-time geographical isolation started from 24 million years ago might lead to the appearance of novel species or sub-species of amphibian. In this study, 14 AMPs were cloned from H. guentheri of Hainan Island by using the single step 'shotgun' cloning method [14] . Putative mature peptide sequences were submitted to NCBI BLAST search system for automatic alignment. The results indicated that all these 14 AMPs have high primary structural similarity with other known AMPs from amphibians (Fig. 2) . The primary structure of brevinin-2GHg is 93% identical to brevinin-2GHb from Sylvirana guentheri and 71% to brevinin-2PTa isolated from Pulchrana picturata [21] . Temporin-GHb shows 53.8% amino acid sequence identity with temporin-1Sc from Pelophylax saharicus [22] . Therefore, these 14 AMPs were classified into 3 different families according to the primary structure similarity, namely brevinin-1, brevinin-2, and temporin. In addition to mature peptides of brevinin-1GUb, brevinin-2GHb, and temporin-GUa have also been purified from H. guenthri living in Fujian province [11] . The other 11 AMPs with novel structure were termed as temporin-GHa-GHd and brevinin-2GHd-2GHj.
Brevinin-1 and brevinin-2 were first characterized from the skin of Rana brevipoda porsa (now recognized as Pelophylax porosus) [23] . In this study, seven different cDNAs which encode brevinin-2 family peptides were identified. One peptide is composed of 33 amino acid residues which is a more common brevinin-2 family member, and others have 30 amino acid residues (Fig. 3) .
Temporin family peptides share the common feature of amidation at the C-terminal [13, 17, 24] ; so in this study, temporin-GHa-GHd were synthesized with amidation at the C-terminal. Temporin-GHb is the most homologous to temporin-GHa in which only two residues (Leu 2 and Gln 3 ) are substituted with the Ile 2 and His 3 residues.
However, temporin-GHb showed stronger antimicrobial activity than AMPs were incubated with human serum at 37°C for 3 h. The antimicrobial activities were measured by inhibition zone method using S. aureus solid LB plate. (C) Effect of S. aureus V8 proteinase on the activity of temporin-GHaGHd. AMPs were incubated at 37°C with S. aureus V8 protease (2.5 U) for 6 h, and the antimicrobial activities of mixture were measured. The control groups are temporin-GHa-GHd dissolved in water individually. All experiments were performed in triplicates. Data were expressed as the mean ± SE. *P < 0.05, with respect to the control.
temporin-GHa against the Gram-positive, Gram-negative bacteria, and fungi tested. In addition, due to the substitutions of two residues, the percentage of α-helix in the temporin-GHb molecule is zero. It is unclear whether the secondary structure change or just the substitution of these two residues enhances its antimicrobial activity. TemporinGHb possessed stronger antibacterial activity than the other three temporin AMPs, which indicated that α-helix is not required for the antimicrobial activity of temporin-GHb. Similarly, mature temporinGHd has stronger antimicrobial activity than mature temporin-GHc, which resulted from the substitution of two amino acid residues (Ser 10 and Phe
12
). Temporin-GHd exhibited the strongest antimicrobial activity against Methicillin-resistant S. aureus, with the MIC of 12.7 μM, compared with that of other three synthesized peptides with the MIC from 26.4 to 51.7 μM. Temporin-GHa-GHd showed different levels of antimicrobial activities against the Gram-positive, Gram-negative bacteria, and fungi tested, which indicated that they had no obvious selectivity to different kinds of microorganism. However, temporin-GH purified from H. guentheri of Fujian province only exhibited antimicrobial activity against the Gram-positive bacteria S. aureus with MIC of 44.3 μg/ml and B. subtilis with MIC greater than 64 μg/ml, and was not active against the Gram-negative bacterium E. coli or the fungus C. albicans [12] . Relatively, temporin-GHa-GHd had high antimicrobial activities and broad antimicrobial spectrum.
AMPs perform antimicrobial activities by binding with microbial membranes through electrostatic interaction to form secondary structures which is a salt-sensitive procedure. Human body fluids containing high salt concentrations would make many natural AMPs inactive [22] . Therefore, it is necessary to develop salt-resistant AMPs as promising antibacterial agents. In order to detect whether NaCl affected the temporin AMPs' antibacterial activities by interrupting the electrostatic interactions with the bacterial membrane, we analyzed the antimicrobial activity of temporin-GHa-GHd incubated with different concentrations of NaCl. Temporin-GHa-GHd lost 18% of their bactericidal activities against the tested bacteria in 0.15 M (physiological salt concentration) NaCl. With the increasing concentrations of NaCl up to 2 M, the activities of temporin-GHa-GHd maintained at the same decreased level. The stability of temporin-GHa-GHd was also analyzed in the presence of human serum and S. aureus V8 proteinase.
Interestingly, unlike many natural AMPs [25] , temporin AMPs were not affected by human serum. Temporin-GHa, temporin-GHb, and temporin-GHd maintained normal activities in human serum. Only the antimicrobial activity of temporin-GHc was decreased by 14% at the concentration of human serum up to 50%. As shown in Fig. 4C , temporin-GHa-GHd were not affected by 3 h of incubation with S. aureus enzymes V8 metalloproteinase.
The effects of temporin-GHa-GHd on the microbial morphology of E. coli and S. aureus were observed by SEM. After being treated with temporin AMPs, the cellular shape and surface of the tested bacteria exhibited alterations obviously, showing rough surfaces, crimpled, and collapsed morphologies. Apparently, the cell wall and cell membrane of tested bacterial strains were severely disrupted by temporin-GHa-GHd, leading to the final cell lysis. Temporin family AMPs are the smallest natural AMPs identified so far that react directly with bacterial cell membranes, which makes it difficult for microorganisms to develop resistance [25] .
In summary, 11 cDNAs encoding AMPs were identified from H. guentheri, which belong to two AMP families, temporin and brevinin-2. Temporin family peptides (temporin-GHa-GHd) were synthesized and used to determine the antimicrobial activities. Temporin-GHaGHd possess broad-spectrum antimicrobial activities against Grampositive, Gram-negative bacteria, and fungi, unlike most antimicrobial temporin peptides whose activities are restricted to Gram-positive bacteria [22] . Temporin-GHa-GHd were remarkably stable when they were subject to treatment with salt solution, human serum, and S. aureus V8 proteinase. The rough and shrived surface of bacteria cells after treatment with temporin-GHa-GHd suggested that the mechanism of temporin-GHa-GHd against bacteria may involve the cell wall and cell membrane. These properties, together with their small size, will make them as potential candidates for novel antimicrobial agents and useful models for the development of novel AMPs. However, their structurefunction relationships need to be investigated in the future.
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